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Section S1. Estimation of the magnon spin-diffusion length of YIG.

In this section, we estimate the magnon spin-diffusion length [7} of 200-nm-thick single-
crystalline YIG films used in the present study. According to the fabrication process
outlined in Method, we prepare reference devices composed of Pt injector and detector
only (Fig. Sla-d). These Pt are separated by a center-to-center distance d”*~F* of 9—18
um, which corresponds to the regime where magnon spin currents decay exponentially.S!
One can thus estimate I from the d”t~"¢-dependent non-local voltages (AV,% and AV}

in Fig. Sle-h) using simple formulas:

l dPt—Pt
AVS = Aexp (— o ), (S1a)
sd
Pt-Pt
AV = Bexp (— a o ), (S1b)
sd

where 4 and B are the proportional factor that is irrelevant to dP*=Ft, By fitting Eq. (SI)
to the summarized data of AV (dPt=P%) and AV} (dPt=PY) in Fig. Sli, we get [T = 11
and 9 um for the electrically and thermally driven magnons, respectively, at room
temperature. Both cases appear to be almost independent of Toase (Fig. S1j). These are in

good agreement with previous experimentsS>S3 based on YIG thin films of similar quality

and thickness.
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Figure S1. Non-local magnon spin-transport signals in the Pt-only reference devices.
a-d, Optical micrographs of the fabricated reference devices with different d”t=F* (9—18
um). e-h, Corresponding IP field-angle a dependence of non-local voltages, AV,¢ (top)
and AV (bottom) driven electrically and thermally, respectively, at 300 K. In these
measurements, /4 is fixed at |0.5] mA and the magnetic field poHex at 5 mT. i, Summary
of AV¢} (top) and AV! (bottom) as a function of dP*=P%. The black solid line represents

an exponential fit to estimate 7. j, Base temperature Thase evolution of the estimated [75.

Section S2. Quantification of spin currents leaking into the central Nb at room

temperature.

Using the non-local magnon spin transport theory,>*5>5¢ we here quantify how much spin
current density Ji¥ reaching at the YIG/Pt interface is reduced due to the presence of the
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central Nb. The iSHE voltages VL - read in the Pt detector with and without the Al,O3

spin-blocking layer are, respectively, expressed as

Pt, with Al,03 __ Pt ;Pt, with Al,03 tpe \ (2e Pt
Visie = Os/so (tpt)t h(Zlfg ) Prely’s (S2a)

Vi 2% = 054 0420 () canh (128) (3) prclf, (S20)
where 65 (1£%) is the spin-Hall angle (spin-diffusion length) of the Pt detector, assumed
to be 0.1 (1.5 nm).5*56 p,, is the resistivity of the Pt, which is ~28 pQ-cm at 300 K
extracted from the two-terminal Pt resistance of different thicknesses (6—10 nm). tp,

(15°) is the thickness (length) of the Pt. Accordingly, the reduced spin current density is

Pt, with Al,03 Pt, no Al03
Pt, with Al,05 _ ;Pt, no Al,05 _ |Visug —Visue
AR =T 50 = | . (89)
95H< - >tanh< ﬁDtt>( 7 )PPtht
sd
Pt, no Al,0 Pt, with Al,0
Using Eq. S3 with the measured values ( [AVy 2, |ave 2,

th Pt, with Ale3

Aan Pt —

[AVrfﬂpt no Al,03 [

) in Fig. le,f)h,i of the main text, we find Aj¢;
2.3 A/em? for electrically driven magnons and Aji¢ = 2.2 A/em? for thermal driven
magnons at Jgc = |1.0] mA (Jac = |6.6] MA/cm?). We note that the spin transfer efficiency

]sO
1-1 dc

N, of our device (d£t~Ft = 15 um), defined as n, = , is of the order of 10°°, similar

to reported from previous studies.5*8

Section S3. First-order estimate of the YIG-induced internal field at the Nb/YIG

interface.
In this section, we attempt to get a first-order estimate of the YIG-induced internal field
toHine at the Nb/YIG interface from the measured 7t data (Fig. S2a), with versus without

the presence of Al2Os barrier between Nb and YIG films, in the framework of Ginzburg-



Landau theory:5"-58

ot ~ st | o] -1 59

Here kg is Boltzmann’s constant, ¢, is the flux quantum (2.07 X 107% T - m?), and
&(0) is the zero-temperature (Ginzburg-Landau) coherence length of Nb thin film (~15
nm)® in the dirty limit. Since in-plane stray fields (from the un-patterned/continuous
YIG) at the Nb interface do not decay significantly by the presence of the 10-nm-think
ALOj3 barrier and their strength is in the range of 0.01 — 0.1 T,3!%5!! we consider poHint as
the effective value for the exchange field /4ex. For the 15-nm-thick Nb layer, TCW/ Al203
(T, /0 41203) with (without) the AL,Os barrier at Zs = 0.0 mA is 5.50 K (4.42 K) in Fig.
S2b, being as large as poH;nr = hex = 1.205 T. The YIG-induced exchange spin-splitting
at the Nb/YIG interface is then of 105 ueV.

It is also important to note that for the Al>Os-absent device in Fig. S2b, the decay
of T¢ with increasing /4. becomes more dramatic for /4c > 0.5 mA (black dashed line) than
that extrapolated from direct heating of the whole device. This suggests that the strongly

depressed superconductivity at a higher heating power (Fig. 3d of the main text) is likely

caused by the spin-polarized QP injection/excitation into the Nb layer.
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Figure S2. a, Nb resistance R™° versus Thase plots for the Al,Os-present (top) and Al,Os-
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absent (bottom) devices, measured using a four-terminal current-voltage method (using
leads 3,4,5,6 in Fig. 1b of the main text) while applying various /gc = 0.0—1.0 mA to the
Pt injector. b, Summary of the measured 7 as a function of Z4c. Note that for /gc < 0.5 mA,
the suppression of superconductivity by the spin-polarized QP injection/excitation is
masked by the exchange spin-splitting effect (red arrow). So, the exchange spin-splitting

plays a dominant role and determines the superconducting properties of the Nb layer.

Section S4. Theoretical description of the conversion efficiency of magnon spin to

QP charge in the superconducting Nb.

According to the recent modelsS!%513

which explicitly take superconducting coherence
peaks into account for the effective spin mixing/transfer conductance of a FMI/SC

interface, the excited QP spin current density /¥ from incoherent magnons is given by

5 [1 + ﬂl [F(E)~f (E + Apn)In(EIN(E + Apim) dE
qp —0 E(E + Aum) m m
Jso _
Jso Apm ' (85)

IE|
n(E) = ———=0[E? - (4%9)?], (S6)
/Ez_(Asc)z
(aS¢)? : :
where [1 + E(TAM)] is the superconducting coherence factorS*. ASC(T) =

1.76kgzT tanh (1.74 fl — TZ) is the superconducting energy gap, kg is the Boltzmann

constant and f(E) =

()
p kpT

;) is the Fermi-Dirac (FD) distribution function. n(E) is
1

the normalized QP DOS and 6(E) is the Heaviside step function. Au,, is the magnon spin
accumulation underneath the Nb detector. J,, is the normal-state spin current which is
directly proportional to Au,,. Assuming the interface spin Seebeck coefficient Ss = 4.5
HV/K for the Pt/Y1G interface®® and using our data set (Fig. 3,4 of the main text), we infer

the Jqc and tny dependence of Ap,, for the calculations in Fig. 5 of the main text.

Combining Eq. S5 with Eq. S2 (but now for the Nb), we get the QP-mediated iISHE



voltages'>S1® VI8 in the SC detector. We have previously used this model for
metallic/conducting Nb/NigFe, bilayers,>” but now include the superconducting

coherence effect described above:
qp qp ;qp tsc \ (2e) .+ 4y
Visne = Osulso (ts ) tanh (21,‘3”) ( N ) psclyexp ( AQ>’ (S7a)

Sd) (2;) poly, (S7h)

Vishe _ (ﬁ) (jfﬁ) M [Psc] ex p( dQ>, (S7c)

VisHE Osu/ \Jso/ | 15 dtanh(T) Po
sd

Visne = Osujso ( )tanh(

Osn = ‘9;1& + 651, (S8a)

s(T)
085 = 654+ |2sas | 038 (sob)

lsa = \/DTsy, (S9a)

19 = jps< Sf +$>_1, (S9b)
Psc = ngVQs (S10a)
vo= (22)tanh (L), (siom
Ao = /DT, (S11)

D = [;;ggg)] D,  (Sl2a)

[Zf (A;?] D,  (SI2b)

XS(T>=2fA°§c = [-ZL2)ar,  (s13a)

,Ez_(ASC)
Xo(T) = Zf:;c sz_éASC)Z[ af(E)] dE, (S13b)

where [, ~ l§t + 7% is the spin-active length of the Nb detector, given approximately by

the sum of the length of the Pt injector [5* and [J in our device geometry (see Fig. S5).



The postfactor exp (— j—y) in Eq. (S7a) represents the spatial decay of the QP charge-
Q

imbalance effect outside the spin-active regime of the Nb detector, where d,, is the
distance between the inner edges of the QP-spin-excited Nb and the Au/Ru electrical lead
(see Figs. 1b and S5b). In the following calculation, we ignore this factor as it is
fundamentally linked to the QP charge-imbalance relaxation. 65y (647) is the electron
(QP) spin-Hall angle of the Nb in the normal (superconducting) state. We assume that the
Nb spin-Hall angle is given by two extrinsic componentsS*S! of the side jump 6575
and the skew scattering 655 °'°. Ds (Dy) is the spin (charge) diffusion coefficient of the
QPsand D is the electron diffusion coefficient in the normal state. [;4 (7sf) is the electron

K

spin-imbalance relaxation length (time) in the normal state. is the effective QP spin

transport length considering the conversion time 74z of QPs into singlet Cooper pairs by

Andreev reflection in addition to their Tg}) . psc 1s the effective resistivity of the

superconducting Nb and vy, is the volume fraction of the QP charge imbalance.3'>5"7

qar _ Po
pSC Zfo(ASC)

is the QP resistivity, p, is the residual resistivity of the Nb detector

immediately above T¢ and f(A5¢) = is the FD distribution function at AS¢,

1
exp(%)+1
Ag (7g) is the QP charge-imbalance relaxation length (time). o (T) [xs(T)] is the
normalized charge (spin) susceptibility of the QPs.

To assure that j 2P (Fig. 5a,b of the main text) and pg. (insets of Fig. 5e,f of the

main text) are governing parameters in Vi, we calculate how other terms

[9;,_’,’, [2Ptanh (ztf—q‘;)] in Eq. (S7c) evolve across T.. Figure S3 shows the calculated

0
xs(T) ar tsc . .
values of 270 (855 and [;"tanh (2131,). As the superconducting transition does not

0
influence 657,5155% we only consider 655 o Zﬁ(:;)c) [Eq. (S8b)]. We also note that if 74
0



<17 [Eq. (S9b)], the effective transport length of QP spin is limited by the coherence
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Figure S3. Model calculation. Calculated values of m (a,b) and I1ZPtanh (%)

(c,d) as a function of T/Tc. In the calculation, we use l;; = 50 nm for the Nb.5?° As can be

seen in d, in the zero-T limit (T/Tc — 0), 7P is limited by &-52%5? if tg is thicker.

; ; ; x3(T) qap tsc cifi
It is evident from Fig. S3 that none of 20(850) and ;" tanh (zzfj”) vary significantly

in the vicinity of T.. We therefore conclude that the giant transition-state QP iSHE
observed in our system comes predominantly from a trade-off of j and pg., linked
respectively to the superconducting coherence and the QP charge-imbalance relaxation.

Section S5. Spatially resolved measurements by varying the separation of electrical

contacts on the spin-split Nb layer.

For the spatially resolved measurements presented in Fig. 6 of the main text, we prepared
several independent devices on a single-piece YIG film, where only the separation

distance ds of Au/Ru electrical contacts on the 15-nm-thck Nb layer is different and it is
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systematically controlled by depositing a 20-nm-thick Al.Oz insulating layer in-between
Au/Ru and Nb layers. Note that we observed ds-independent non-local spin signals at 300
K when using the Pt detector, indicating almost similar magnon spin-transport properties

in the fabricated devices (Fig. S4).
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Figure S4. Non-local magnon spin-transport signals in the ds-varying devices probed

by the Pt detector. a, IP field-angle a dependence of non-local voltages, [AV,f}]Pt (top)

and [AV,f{‘]Pt (bottom) driven electrically and thermally, respectively, at 300 K. In these

measurements, lqc is fixed at |1.0| mA and the magnetic field poHext at 5 mT. b, Summary
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of [AV¢ " (blue) and [AVE; " (red) as a function of ds. The black dashed lines are

given as guides to the eye. ¢, Overall base temperature Tpase dependence of Nb resistance
RN® for the devices with different ds, measured using a four-terminal current-voltage
method (using leads 3,4,5,6 in Fig. 6a of the main text). Note that a relatively higher T¢
of the 15-nm-thick Nb layer in these devices than that of the prior device (Fig. 3d of the
main text) is due to the better initial base pressure (< 1 x 10”° mbar) before film deposition.
The inset exhibits the ds dependence of Nb resistance at 300K, along with a linear fit

(black solid line).

As illustrated in Fig. S5, if the Au/Ru electrical contacts are placed within the spin-
active length of the Nb detector, d; < l,, Egs. (S7a) and (S7b) can be respectively

rewritten as:

Vilhe = 0501 (=) tanh (55) (5) picdsexn |- 52| (5140
Visue = Osujso (Z_i) tanh (ZtlS;) (276) Pods, (S14b)

Here, exp [— @] describes the characteristic spatial dependence of QP charge-
Q

imbalance relaxation effect>'® inside the spin-active regime of the Nb detector.

“Normal” state, T> T, “Superconducting” state, T< T,

a , d, b ) d,
| e dy :“ )\ |
Vi) P\ "7, NGV

Nb \ Nb Y

VP o dg VNP o d - exp [—

nl

(y - ds)l

Ao

Figure S5. Transverse spatial profile of the iISHE voltage Vggf,)E induced by non-
local magnon spin-transport in Nb/YIG layers above (a) and below (b) the
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WINe (V)

[AV!

superconducting transition Tc of Nb. In b, exp [— @] describes the characteristic
Q

spatial dependence of QP charge-imbalance relaxation effect>'® inside the spin-active
regime of the Nb layer, where d; is the separation distance of electrical contacts on the
Nb and A, is the QP charge-imbalance relaxation length. The wine dashed line represents
the spin-active regime that is given approximately by the sum of the length of the Pt
injector 3*and the magnon spin-diffusion length I3 in our device geometry. Note that i

the electrical contacts are placed outside the spin-active regime, Vb . o«
exp (;—?).516517'522 Here, d,, is the distance between the inner edges of the QP-spin-

excited Nb and the electrical contact.
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Figure S6. Non-local magnon spin-transport signals in the ds-varying devices
measured by the Nb detector. Typical examples of thermally driven non-local voltages

]Nb

[AVrflh (a)|  asafunction of IP field angle o for the devices with different ds, taken above

(top), immediately below (middle), and far below (bottom) 7. of the Nb layer, from which
the data presented in Fig. 6b of the main text was extracted. The black solid lines are
sin(a) fits. In these measurements, /g is fixed at |0.5| mA and the magnetic field goHext

at 5 mT.
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